The (2,0) (3,0) and (4,0) bands of the A 1 Π−X 1 Σ + system of 12 C 16 O have been reinvestigated by high-resolution vacuum ultraviolet absorption spectroscopy. A VUV Fouriertransform spectrometer, illuminated by synchrotron radiation, was applied to record a jetcooled spectrum, a room temperature static gas spectrum and a high temperature (900 K) quasi-static gas spectrum, resulting in absolute accuracies of 0.01−0.02 cm −1 for the rotational line frequencies. Precise laser-based data were included in the analysis allowing for a highly accurate determination of band origins. Rotational levels up to J = 52 were observed. The data were used to perform an improved analysis of the perturbations in the A 1 Π, v = 2, v = 3, and v = 4 levels by vibrational levels of the D 1 ∆, I 1 Σ − , e 3 Σ − , d 3 ∆, and a ′3 Σ + states.
Introduction
The spectroscopy of the carbon monoxide molecule remains of central interest to a variety of subfields in science. In particular the A 1 Π−X 1 Σ + system, investigated by a number of authors over decades [1] [2] [3] [4] [5] [6] [7] , is often used as a probe for detecting CO. New and recent examples of its application are the proposal to search for a varying proton-electron mass ratio on cosmological time scales [8] , and to probe the local cosmic microwave background temperature as a function of redshift [9] . For these applications the analysis of the A 1 Π−X 1 Σ + system is warranted at the highest accuracy. At the same time the A 1 Π state of CO is known as a celebrated example of perturbations, which makes its study interesting from a pure molecular physics perspective. A first comprehensive perturbation analysis was performed by Field et al. [6, 7] .
After having performed an improved perturbation analysis for the A 1 Π−X 1 Σ + (0, 0) and (1, 0) bands [10] we here extend the updated perturbation analysis to the A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands by using the high resolution vacuum ultraviolet (VUV) Fourier-transform (FT) spectroscopy setup at the DESIRS beamline at the Soleil synchrotron. For the purpose of achieving an absolute wavelength calibration of the rotational lines, a subset of lines was first probed with laser-based Doppler-free two-photon spectroscopy [11] . For the present study the VUV-FT instrument was used in three different modes of operation: gas-jet spectroscopy, room-temperature static gas absorption, and absorption at 900 K, for which a special setup was designed [12] . The combination of these measurements allows for a highly accurate analysis of the spectrum of the three bands, probing rotational states as high as J = 52, providing information on perturbing states interacting at the high rotational quantum numbers. The aim of using these different configurations will be discussed in the next section.
Experimental details
The vacuum ultraviolet (VUV) Fourier-transform (FT) spectrometer at the DE-SIRS beamline of the SOLEIL synchrotron is a unique tool for recording highresolution absorption spectra in the range 4 − 30 eV [13, 14] . For the present investigation, the instrument was used in three configurations, each being a compromise between obtaining narrow linewidths and high wavelength accuracy, or probing as many rotational levels as possible. The free-jet configuration is used to record the narrowest transitions. First, in the jet-expansion, the perpendicular directionality of the molecular beam gives rise to a much reduced Doppler width, yielding an observed width of 0.09 cm −1 in combination with the instrument settings of the FT-spectrometer. Under the jet conditions the rotational temperature is reduced to 12 K and only rotational levels J = 0 − 5 are probed at this high resolution.
Second, FT-spectra are recorded under quasi-static room-temperature conditions with the use of a windowless cell. In this configuration the linewidth obtained is 0.16 cm −1 [10] , while rotational lines up to J ∼ 20 are observed. In a third configuration, a windowless gas cell was heated up to 900 K, in order to record the highest rotational quantum states. The linewidth under these conditions, at full width of half maximum (FWHM), was 0.39 cm −1 [12] . The latter spectra were recorded at relatively high column densities, which is around a factor of 100 higher compared to the sample used with the unheated cell. It is used to probe rotational states with the highest J quantum number, in which case the low-J transitions are saturated. In all the FT-experiments, CO gas was used at a purity of 99.997% from Air Liquide, presumably composed of the regular terrestrial 12 C/ 13 C and 16 O/ 17 O/ 18 O isotopic abundances. Figure 1 shows characteristic overview VUV-FT spectra recorded under the three measurement conditions, covering the range of the
The high temperature spectrum also shows hot bands, i.e.
, originating from the X 1 Σ + , v" = 1 state. The (2, 1), (3, 1) , and (4, 1) hot bands are expected to be weak due to small Franck-Condon factors [15] . A zoom-in part of the high temperature spectrum is presented in Fig. 2 , showing transitions in the A 1 Π−X 1 Σ + (2,0) band and some perturber lines belonging to the e 3 Σ − −X 1 Σ + (4, 0) band. The unlabeled weak lines belong to excitation of other perturber states, mentioned below.
In order to obtain the most accurate transition frequencies, different settings on the FT-instrument are used in combination with the various measurement configurations. The free-jet and room temperature spectra are both recorded by taking 1978 kilo-samples of data over the 0 to 40 mm optical path difference within the interferometer, yielding an instrumental resolution of 0.075 cm −1 , corresponding to the ultimate resolving power of the instrument. For the hot cell spectra, because of the increased Doppler broadening of about 0.28 cm −1 , constraints on the 
( c ) Figure 1 . Overview spectra of the CO A 1 Π−X 1 Σ + system including (2, 0), (3, 0) and (4, 0) bands recorded with the vacuum ultraviolet Fourier-transform spectrometer at the SOLEIL synchrotron under three different experimental conditions; (a) free molecular jet expansion; (b) room temperature quasi-static gas cell; (c) a free-flowing gas cell heated to 900 K. The asterisk (*) indicates the Xe atomic resonance line used in for calibration of the FTS instrument.
instrumental resolution are relaxed to 0.27 cm −1 by taking 1024 kilo-samples of interferometric data to save recording time, which permits more averaging, thus increasing the signal-to-noise ratio. The absolute calibration for all the FT spectra is obtained from on-line recording of a xenon line at 68 045.156 (3) cm −1 [16] .
Results
Collectively, more than 450 absorption lines are observed in the region from 66 400 to 70 500 cm −1 , including rotational levels up to J = 52 for the main A 1 Π−X 1 Σ + bands, as well as a large number of transitions belonging to perturber states. In Table 1 , transition frequencies in the CO A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands are listed. The absorption lines associated with excitation of the perturber states are presented in Table 2 . In these tables, the subscripts e and f denote the electronic symmetry of the upper state. The superscripts Q, S, R, O and P in Table 2 , indicate the change in total angular momentum excluding spin for transitions to perturber states [17] . The uncertainties of transition frequencies are 0.02 cm −1 for most of the transitions, except the weak or blended ones. To verify the accuracy of the FT data, we compare combination differences between P(J) and R(J − 2) transitions in the FT data with the very accurate far-infrared data [18] . The comparison yields good agreement with a standard deviation of 0.015 cm −1 , smaller than the estimated Figure 2 . A zoom-in spectrum recorded with a windowless gas cell heated to 900 K showing absorption lines in the A 1 Π−X 1 Σ + (2,0) band as well as perturber lines belonging to the e 3 Σ − (4, 0) band.
FT uncertainty.
In view of parity selection rules, the measured transition frequencies in the present one-photon absorption experiment cannot be compared directly with values obtained in the two-photon laser experiment for the same bands [11] . However, based on accurately known ground-state level energies [18] and the derived excited state Λ−doublet splittings, a verification of absolute level energies derived from the VUV-FT experiment can be compared with the more accurate data from the laser experiment, yielding the differences shown in Fig. 3 . The average offsets between the two data sets are different for different bands, on the order of 0.01 cm −1 . These small discrepancies are attributed to an offset in the FT data that is well within its estimated uncertainty. The standard deviation of ∼ 0.005 cm −1 demonstrates that the relative uncertainty of the FT data is much smaller than the estimated absolute uncertainty. The energy offsets with respect to the more accurate laser spectroscopic data were used to correct the level energies of the A 1 Π v = 2, 3, 4 levels by 0.005, 0.011 and 0.009 cm −1 , respectively. The corrected level energies are listed in Table 3 , where the values derived from laser data are used for J = 1 − 6. The level energies of perturber states are also corrected by the calibration shift and shown in Table 4 . In a similar way the corrections for the level energies, have also been applied to the transition energies listed in Tables 1 and 2 .
Perturbation analysis
The CO A 1 Π−X 1 Σ + system is heavily perturbed by many other electronically excited states. The A 1 Π (v = 2) levels are perturbed by levels of the e 3 Σ − (v = 4), Figure 4 plots level energies as function of J(J + 1) for vibrational progressions of the A 1 Π and perturber states relevant to this study, showing the crossing points where local perturbations may occur. The labels denote the electronic state and vibrational quantum number. As will be discussed below, observable effects from some perturber states which do not cross with the A 1 Π state are manifest in the analysis, e.g. a ′3 Σ + (v = 16).
We model each observed A 1 Π−X 1 Σ + band and interacting levels with a local deperturbation analysis, in a similar style to what was done by Niu. et. al. [10] . In this study, we use accurate transition energies obtained from FT spectroscopy (3, 0) , and (4, 0) bands obtained in the present VUV-FT experiment and absolutely calibrated with respect to the laser data [11] . J ′′ is the rotational quantum number in the ground state. The subscripts e and f indicate the electronic symmetry of the upper state. The superscripts b and w indicate blended and weak transitions, respectively. for levels up to J ′′ = 52 of the A 1 Π−X 1 Σ + (2,0), (3,0) and (4,0) bands, as well as transitions attributed to perturber states. The more accurate low-J transition frequencies from the laser-based experiments [11] are preferentially used. In order to perform a more comprehensive perturbation analysis, we also use results from previous investigations. For the perturber state transitions, we used the low-J data from Ref. [19] for d 3 ∆−X 1 Σ + (7,0), (8,0) and (10,0); for e 3 Σ − −X 1 Σ + (4,0) and (5,0) data from Ref. [17] ; for e 3 Σ − −X 1 Σ + (6,0) and (7,0) data from Ref. [20] . Since these older spectroscopic investigations are less accurate, we used relative weights that reflect the respective accuracies. A relative weight of 10 is assigned to data from Niu [11] , 1 to the present FT data, 0.5-0.25 to weak and blended lines in the present FT data, 0.2 to data from Morton and Noreau [17] , and 0.1 to data from Herzberg et al. [19] and Simmons and Tilford [20] . 
′′ represents the total angular momentum of the ground state. The left-superscripts Q, S, R, O and P denote the total angular momentum excluding spin of the perturber states, according to the notation in Ref. [17] . The subscripts e and f indicate the electronic symmetry of the upper state. The superscripts b and w indicate blended and weak transitions, respectively. We performed a perturbation analysis on CO A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands using the Pgopher software [21] , where the same effective Hamiltonian model as Ref. [10] was used, retaining their symbols for the various molecular constants (see Table 6 of Ref. [10] ). The unweighted residuals of the fits are dominated by the uncertainties in the literature data. The mean weighted residuals of the fits on the transition energies of the A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands, including relevant literature data are 0.016 cm −1 , 0.014 cm −1 and 0.021 cm −1 , respectively. In total, 235, 218, and 213 transitions are used to fit 22, 17, and 20 molecular fit parameters for the A 1 Π (v = 2, 3, and 4) states, respectively. The interaction parameters between A 1 Π states and perturbing states are denoted by η i for triplet perturbers and ξ i for singlet perturbers, where the i = 2, 3, 4 indices correspond to the A 1 Π (v = 2, v = 3 and v = 4) levels.
In addition to the A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands, we also improve the molecular constants for those perturber states for which a sufficient number of transitions are observed in the present FT experiment. These extra lines are listed in Table 2 and, in general, occur at the level crossings of A 1 Π (v) rotational series with those of perturber states.
The final set of deperturbed molecular constants obtained from the fits are summarized in Table 5 . Molecular constants with an uncertainty indicated in parentheses () are fitted (free) parameters. The others are taken from previous deperturbation models, indicated accordingly in the footnote, and used as fixed parameters during the fitting procedures. Note that we include all possible perturber states, even those that have no crossings with A 1 Π states (e.g. d 3 ∆ (v = 9) and a ′3 Σ + (v = 11) states), to have a consistent model that facilitates comparisons with previous investigations, such as Ref. [6] . As expected from the extensive coverage of transition energies in the A 1 Π−X 1 Σ + bands, we obtain accurate molecular constants for the A 1 Π states. This is also the case for the molecular constants of the e 3 Σ − (v = 4, 7), d 3 ∆(v = 7), a ′3 Σ + (v = 13), and I 1 Σ − (v = 3) states as would be expected by inspection of Table 2 .
The band origin T v for A 1 Π (v = 3) obtained in the analysis has a larger uncertainty compared to v = 2 and 4, which is attributed to uncertainty regarding its perturbation by the e 3 Σ − (v = 5) state. The rotational progression of e 3 Σ − (v = 5) does not actually cross with A 1 Π (v = 3) and no extra perturber transitions are observed. Hence, less accurate literature values for transition energies in the e 3 Σ − −X 1 Σ + (5, 0) band [17] were included. The effect of this interaction is a global energy shift of A 1 Π (v = 3), which ultimately translates to a larger uncertainty of T v in A 1 Π (v = 3).
From Fig. 4 , the D 1 ∆ (v = 4, 5, 6) states are expected to cross the A 1 Π vibrational states, however, no extra lines are obtained in this work, due to the small interaction parameters involved. Thus the inclusion of these states does not lead to any significant improvements in the quality of the fit. The addition of the I 1 Σ − (v = 7) state, where the crossing is predicted to occur at J = 55 and outside the data range, also does not improve the fitting. Therefore these states are excluded in the final model reported.
The A 1 Π (v = 4) state is perturbed by d 3 ∆ (v = 10) at J = 45 and a ′3 Σ + (v = 15) at J = 46, but these perturber lines are assigned to observed weak features and their assignment is tentative. The assigned transition P(46), Q(45) and R(44) in A 1 Π−X 1 Σ + (4,0) band are off in the resulting fit by 0.5 cm −1 . Hence, in the final fitting, the relative weights for these lines was set at 0.01.
The d 3 ∆ (v = 9) and a ′3 Σ + (v = 11) states perturb the A 1 Π (v = 4) and (v = 2) states, but without crossing them. The interaction parameters are then strongly correlated with the T v parameters for the A 1 Π states. Hence, the interaction parameter for these two perturbations were fixed using the values from the original analysis of Field [6] . 
Discussion and Conclusion
High-precision frequency measurements of more than 450 rotational lines in CO A 1 Π−X 1 Σ + (2, 0), (3, 0) and (4, 0) bands (for J up to 52) have been performed. Three different configurations are used in the experiment to obtain the accurate transition frequencies for levels extending to high−J. The accuracy of absolute transition frequencies is 0.01-0.02 cm −1 . The present data, including recent laser data [11] as well as literature values are used to perform a successful global analysis of the perturbations by other electronic states.
In comparison to the original perturbation analysis by Field [6] , the present investigation finds more local perturbation crossings, like those involving e 3 Σ − (v = 6), d 3 ∆ (v = 10), a ′3 Σ + (v = 12, 15), and I 1 Σ − (v = 4, 5). These crossings are found at high rotational quantum number, which could be observed in our high temperature and saturated spectrum. Molecular constants T v represent the deperturbed level energy separations between ground state X 1 Σ + (v = 0, J = 0) and excited state (v, J = 0), and can be compared with the deperturbed G(v) of Field [6, 7] . This yields good agreement at the 0.1 cm −1 level. Note that T v should not be compared directly with E(v) in Field [6, 7] , since E(v) is defined as the deperturbed level energy of the lowest existing rotational level in the particular excited state, which for the A 1 Π state is J = 1. Overall the extended data set and the improved accuracy of the level energies yields the derivation of molecular constants at a higher accuracy than in the previous analysis. Values for the B constants are found to be the same within ∼ 10 −4 cm −1 . The interaction parameters η are similar to those derived previously [6, 7] ; here a different definition of interaction matrix elements should be considered, with the present numbers divided by a factor √ 3 [21] . The accurate transition frequencies in A 1 Π and perturber states will be useful in the analysis of the astronomical spectra in order to determine a value for the cosmic microwave background temperature at high redshift [22] . The results presented here are also relevant to studies that probe for a possible variation of the proton-to-electron mass ratio (µ) using CO [8] . Work is in progress in the analysis of CO A 1 Π−X 1 Σ + spectra toward the quasar J1237+064 combined with H 2 analysis in the same absorption system at redshift z = 2.69 [23] . This work provides more accurate laboratory wavelengths for the comparisons, and in addition the present perturbation analysis will be useful in improving the calculation of sensitivity coefficients for µ-variation.
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